the cortical tissue. Depending on the wavelength used, the changes in either blood volume or oxygenation will dominate the detected signal. 21, 32 Intraoperative optical imaging of intrinsic signals of the cortex in humans was first described in 1992 by Hag lund et al. 10 Since then, the method has been used for functional imaging in patients with tumors and arteriovenous malformations. [1] [2] [3] [4] 6, 15, 18, 20, 23, 24, 27, 31 The somatosensory cortex was identified by using electrical stimulation of peripheral nerves (for example, the median nerve and trigeminal nerve) 2, 6, 15, 25, 31 and mechanical stimulation. 1, 4, 27 In awake patients, activation of the speech area of the cortex stimulated by object naming was observed. 3, 18 Detection of epileptic foci was also demonstrated. 9, 34 In contrast to preoperative functional imaging modalities, such as preoperative functional MRI or transcranial magnetic stimulation, IOI does not depend on time-consuming preoperative measurements that need to be applied to the operative field. 29 Accordingly, IOI is not bound to the use of navigational systems, is not affected by brain shift, and reflects the present functional status at the time of image acquisition. It is a contact-free imaging method that does not require the use of dyes or tracers. Compared with intraoperative electrophysiological methods, IOI offers the advantage of high-resolution 2D functional maps.
Intraoperative optical imaging relies on the detection of signal changes from 0.1% to 3%. 19 Technical artifacts (including light scattering, light reflectance, and movement of the cortical surface) can negatively influence the signalto-noise ratio. Previously, investigators used a transparent glass plate to reduce movements of the cortex during image acquisition; 8, 9, 15, [23] [24] [25] 28, 34 however, this approach limits the acceptance of the method for neurosurgical use.
According to the sensitivity of the method, IOI has not been routinely used for clinical functional mapping. Although several groups have demonstrated the use of IOI in humans in principle, the number of patients examined was always small. [1] [2] [3] [4] [5] [6] 18, 20, 25, 31, 34 There is still no evidence for the sensitivity and specificity of IOI based on a larger number of patients.
To use IOI in a standard operating room setting, several technical aspects need to be considered. First, to facilitate routine handling of the imaging setup, integration of the hardware and the analysis software as a surgical tool is needed. Second, routine imaging should account for regular intraoperative ambient illumination, light fluctuations, movement of the cortical surface, and neurovascular noise.
We present and validate a novel contact-free IOI acquisition and image analysis method for localizing functional areas of the somatosensory cortex with stimulation of peripheral nerves; this method can be used as a routine clinical tool. To investigate the reliability and validity of the new IOI method, we evaluated sensitivity and specificity in a standard clinical operating room environment. Stimulation of the median nerve was used as a well-established intraoperative method for visualization of the corresponding somatosensory cortex. As a reliable control method, we used intraoperative conduction of the phase reversal over the central sulcus after stimulation of the median nerve. For further validation, using a coregistration algorithm, we postoperatively compared the IOI activation area with the anatomical location of the somatosensory cortex.
Methods

Patient Characteristics
Under general anesthesia, 41 patients with tumors adjacent to the postcentral gyrus underwent surgical tumor removal. There were 22 male and 19 female patients; the mean age was 55 years (range 18-78 years, median 58 years). The lesions included 19 gliomas (10 WHO Grade IV, 5 WHO Grade III, 2 WHO Grade II; and 2 WHO Grade I), 13 brain metastases (primary tumors were 6 lung, 2 malignant melanomas, 1 renal, 1 testicular, 1 thyroid, 1 gastrointestinal, and 1 carcinoma of unknown primary origin), 1 lymphoma, 4 meningiomas, 1 cavernous malformation, 2 cortical dysplasias, and 1 granulomatous tumor.
For 12 patients, significant functional impairment was demonstrated preoperatively, corresponding to tumor growth within the somatosensory cortex; for the other 29 patients, relevant sensory deficits were not demonstrated preoperatively (Table 1) . Before the operation, all patients consented to the IOI measurements. The study was approved by the ethics committee of the Medical Faculty of the Technical University of Dresden.
Intraoperative Optical Imaging Procedure
Before resection, IOI was performed under stimulation of the contralateral median nerve (Table 1) . Intraoperatively, 3 different optical imaging setups were used, consisting of 3 different CCD cameras mounted to standard operating microscopes with halogen or xenon light sources. The imaging setup was used only for the functional imaging. An unmodified operating microscope was used for the surgical procedure.
The first setup, used for imaging the first 4 patients, consisted of an Electron Bombardment CCD camera (model C7190-13W, Hamamatsu Photonics) mounted to a microscope (Möller-Wedel) with a halogen white light source. For the second setup, used for the next 6 patients, the camera was exchanged for a less photosensitive CCD camera (model C4742-96-12G04, Hamamatsu Photonics). The third setup, used for the remaining 31 patients, consisted of a CCD camera (model AxioCam MRm, Carl Zeiss MicroImaging GmbH) mounted to the co-observation port of a surgical microscope (model OPMI pico, Carl Zeiss Meditec AG). The 2 operating microscopes used for optical imaging provided adjustable zoom levels covering a field of view of at least 80 × 60 mm. The incident light was filtered in all 3 setups by a band pass filter with a central wavelength of 568 nm (full width at half maximum = 10 nm) integrated into the co-observation port of the operating microscope. Image acquisition and data analysis were controlled via a computer in the operating room.
In contrast to the Hamamatsu cameras, the AxioCam was connected directly to the laptop computer via a FireWire cable, requiring neither a separate camera controller nor a power supply. The resolution of all cameras was comparable, resulting in an image resolution of a field of view of about 50 × 50 mm at less than 0.1 × 0.1 mm 2 per pixel. To minimize blurring artifacts caused by movement of the brain, we set the exposure time at 50 msec.
To ensure well-illuminated images, we adjusted the intensity of the microscope light source. Usually, the light intensity was much lower during functional imaging than during surgical interventions. Partial darkening of the operating room reduced inadvertent light intensity changes during image acquisition. To reduce glare artifacts, we adjusted the viewing angle of the microscope relative to the brain surface. Water flushing was strictly avoided during data acquisition. In addition, exact coordination of stimulation and data recording was ensured.
For intraoperative stimulation, a standard neurostimulator (Bravo Endeavor, Nicolet Biomedical) was used. For all 41 patients, transcutaneous stimulating electrodes were positioned over the median nerve, and for 5 of these patients (Cases 16-20), they were also placed over the ulnar nerve at the wrist to activate the hand area of the somatosensory cortex. For all patients, a stimulation current of 20 mA and a stimulation frequency of 5.1 Hz were applied.
In contrast to the imaging method used in previous studies, 2,15,23-25,27,31 we used prolonged stimulation (30 seconds). The imaging procedure lasted 9 minutes, alternating every 30 seconds between the rest condition and the stimulation condition; the images were collected continuously during this period. The prolonged imaging cycles enabled us to average over all images captured during the 2 conditions, reducing the influence of heartbeat and respiration (each of which had shorter cycles than the long rest and stimulation duration). Furthermore, the periodic change between the rest and stimulation conditions enabled improved data analysis based on Fourier decomposition.
Data Analysis
For extraction of relevant data, the time-resolved data cube obtained by intraoperative imaging required several steps of advanced processing. A nonrigid registration method based on the demon's algorithm 30 was applied to compensate for movements of the brain. The magnitude of displacement for each pixel was computed as the gray value difference between the reference image and the deformed image. The direction of the displacement was given by the gradient of each pixel in the reference image. A Gauss filter was applied to the deformation field to ensure a smooth deformation. The software for movement correction was implemented in C++ by using the Insight Segmentation and Registration Toolkit.
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Activity maps were computed by using 2 analysis methods. One method computed the relative difference between the stimulation and rest conditions. To compute a mean stimulation image and a mean rest image, we averaged all images captured during the stimulation condition and the rest condition separately. The relative difference map was then calculated by dividing the difference between the mean stimulation image and the mean rest image by the mean rest image. The other method was recently developed to improve the signal-to-noise ratio of the activity maps and relies on spectral analysis. A Fourier decomposition approach generated functional maps of the visual cortex in animal experiments.
14 With the fast Fourier transformation, the power spectrum of the gray value time course of each pixel was computed. Every 30 seconds during the 9-minute imaging period, the condition changed between rest and stimulation, which generated a peak in the spectrum at the frequency of 1/60 Hz at pixels that react to the stimulus. For each pixel, the amplitude of the power spectrum at this frequency was extracted and stored as a map. To overcome the problem of vascular noise, we also computed the power of the fluctuations in the very low and low frequency range (0 Hz < f < 0.15 Hz) 16 and stored it as a separate map. By dividing the map of the stimulation amplitudes by the map of the vascular noise, we generated a map that consisted only of pixels with a significant response to the stimulation.
Before computing the activity maps, we compensated for the slow drifts of the gray value time course by subtracting a cubic polynomial fitted to the gray value time course. The slow drifts occurred during the imaging because of drying of the liquid film on the cortical surface and possible thermal influences. No further averaging was performed.
Other authors have used analysis methods that focused on characterization of the dynamic behavior of the detected signal, using, for example, principal component analysis 2, 3 or dynamic linear models. 12 In the study reported here, we did not assess the temporal characteristics of the detected signal.
All data analysis algorithms were programmed as customized software in MATLAB (MathWorks). To facilitate the computation and visualization of activity maps, we implemented a graphical user interface for intraoperative data analysis. For visualization purposes, a Gaussian smoothing filter (3 × 3 pixels) further reduced noise in the activity map. Activity maps were generated within 3 minutes. The activity map was color coded and overlaid onto the anatomical image of the cortical surface with an adjustable threshold. This intraoperative software was used for Cases 20-41. The operation of the software and the generation of activity maps were performed by a nonmedical technician.
Validation of IOI Findings
To determine the specificity and sensitivity of IOI, we validated the activity maps generated from IOI by performing a multimodal comparison with anatomical and electrophysiological data for all patients. An MR scan (T1-weighted, Gd enhanced) for intraoperative neuronavigational guidance served as an anatomical reference. Electrophysiological measurements served as a functional reference and the current standard for functional cortical analysis.
Craniotomies and dural openings were created using standard surgical procedures. For evaluation of whether the somatosensory cortex (hand area) was exposed during surgery, several points were defined at the rim of the dural opening corresponding to the exposed brain area by using the intraoperative navigation system. Using the 3D image processing and visualization software Amira (Visage Imaging), we were able to visualize the preoperative anatomical data sets (MR images) and the intraoperative defined points representing the exposed brain area. Fur-thermore, a white light image of the optical recording was registered to the cortex via a landmark-based registration by use of the intraoperatively defined landmarks and by use of vessels and sulci as additional landmarks. According to the registration parameters of the white light image, the activity maps calculated from optical imaging data were registered to the visualized cortex in Amira. The location of the postcentral gyrus was identified in the MR image data set and compared with the location of the dural opening assessed by intraoperatively acquired points and the registered anatomical optical image.
Electrophysiological localization of the postcentral gyrus was compared with the anatomical reference and the registered activity maps. To localize the position of the postcentral gyrus, somatosensory evoked potentials of the cortex were obtained for each patient. The electrode positions over the precentral gyrus and the postcentral gyrus were acquired with the navigation system and overlaid to the cortex in Amira.
This multimodal comparison was used as the basis for categorization of the IOI results. The IOI results were categorized as follows: true positive (the activity map showed localized activated area in correspondence with anatomical and electrophysiological findings), false negative (no activated area could be found), true negative (postcentral gyrus was not exposed and no activity could be detected), and false positive (the postcentral gyrus was not exposed and the map showed activated areas). Patients with preoperative functional impairment were evaluated separately.
To compare the IOI results between the different categories, we computed the mean activity of the activity map within the exposed cortex area. The Wilcoxon rank-sum test was used for statistical testing between the groups. A value of p < 0.05 was considered statistically significant.
To further investigate the signal-to-noise ratio of the activity map, we computed the mean activity in the area of activity and compared it with the mean activity in the surrounding cortex. The area of activity was defined as the region in the activity map where the value exceeded a threshold computed as the mean plus the standard deviation of the activity within the trepanation. This measure indicated the ability to distinguish between stimulus-related values and values resulting from artifacts (for example, from movement of the brain or specular reflections).
Results
Reliable activity maps were generated with all 3 optical imaging setups after stimulation of the median nerve. For only 5 (12%) of the 41 patients did severe artifacts not allow reliable evaluation of the optical imaging results. These 5 patients were among the first 19 patients who underwent surgery before visualization of intraoperative data was possible. The main problems were glare artifacts, which occurred in 3 of the first 4 patients for whom a highly sensitive electron-bombarded CCD camera was used (Cases 2-4); for the patient in Case 2, epidural bleeding had a negative effect on image quality. Among the 2 patients for whom the AxioCam was used, significant glare artifacts (Case 14) and severe tumor bleeding (Case 12) precluded unimpaired image acquisition.
Of the remaining 36 evaluable patients, 26 (72%) did not show significant preoperative impairment of sensory function, whereas 10 (28%) had signs of hemihypesthesia corresponding to the location of tumor growth within the postcentral gyrus. Among the 26 patients whose sensory function was not impaired, 8 (31%) had no positive activation maps. Postoperative analysis revealed that for these 8 patients, the median nerve area of the somatosensory cortex had not been exposed during surgery.
Circumscribed areas of activation were found in 17 patients (65%) after median nerve stimulation and in 4 (80%) of 5 patients after ulnar nerve stimulation. Areas of activation in patient 17 are shown in Fig. 1A and B. For most patients, the activation results were verified by 2 independent image acquisitions with different microscope positioning, including variations of the viewing angle and level of magnification. The size of the activated cortex area of the median nerve was usually about 15 × 20 mm, and the ulnar nerve area was slightly smaller. For all patients, the location of activation corresponded well to the intraoperative electrophysiological finding (monitoring of somatosensory evoked potentials; Fig. 1A-C) . In 1 of 26 patients who did not have a preoperative sensory deficit (4%; Case 16), no activation was found after median nerve stimulation, whereas stimulation of the ulnar nerve revealed a positive IOI activity map.
In all 17 patients with positive activation results after median nerve stimulation, the location of the activated area corresponded well to the anatomical expectations derived from the 3D MR scan and were identified as lying within the field of the surgically exposed cortex (Figs. 1D  and 2 ). In the patient in Case 16, for whom IOI results differed after median and ulnar nerve stimulation, the sensory cortex had been exposed, as shown by the postoperative anatomical evaluation.
Among the 10 patients who showed preoperative impairment of sensory function, marginal activity corresponding to the median nerve area was found in 6 (60%) and no activity was found in the remaining 4 (40%), including the patient in Case 18, for whom no activation area could be detected after ulnar nerve stimulation. Postoperative evaluation revealed that in these 10 patients, the cortex area corresponding to the median and ulnar nerves had been completely exposed during surgery. For all patients with preoperative functional impairment, the tumor growth involved the somatosensory cortex. Because the sensory cortex was the target of the surgical approach, there was no patient with preoperative functional impairment in whom the median and ulnar nerve area of the somatosensory cortex had not been exposed.
In Fig. 3 , the mean detected activity is compared among the true-positive, true-negative, and functionally impaired groups for the relative difference algorithm and the spectral analysis algorithm. The activity of the relative difference map in the exposed cortex of the true-positive group (median 0.0007, range 0.00009-0.0026) was significantly higher than that for the true-negative group (median 0.00009, range −0.00076 to 0.00096; p < 0.005) and the functional impairment group (median 0.00013, range −0.00074 to 0.00075; p < 0.005). Also, for the spectral power map, the activity of the true-positive group (median 0.03, range 0.017-0.086) was significantly higher than that for the true-negative group (median 0.013, range 0.005-0.021; p < 0.001) and the functional impairment group (median 0.018, range 0.012 to 0.03; p < 0.005). Both analysis algorithms were able to distinguish between patients in whom the functionally intact somatosensory cortex was exposed and patients in whom the somatosensory cortex was not exposed or who were functionally impaired.
In Fig. 4A and B, the mean value of activity in the relative difference map and the spectral power map is compared between the area of activation and the surrounding tissue for all 17 patients with a true-positive IOI result. In the relative difference map, the median value in the area of activation is 0.008 (range 0.002-0.012) and in the surrounding area is 0.0004 (range 0-0.002) for all 17 patients. The median value in the spectral power map is 0.252 (range 0.075-0.553) in the area of activation and 0.019 (range 0.011-0.04) in the surrounding area. As can be seen in Fig. 4D and E, the activity values in both maps are significantly higher in the activated area on the somatosensory cortex than in the surrounding tissue (p < 0.001). In the spectral power maps, the activity values in the surrounding tissue have a low degree of variation compared with the relative difference maps. The spectral power maps are virtually free of artifacts. In contrast, the relative difference maps contain artifacts near vessels and from specular reflections despite compensation for movement.
For all 22 patients for whom an intraoperative evaluation was possible (Cases 20-41), a good or excellent image quality was usually achieved in 1-2 data acquisition attempts. As a rule, the whole brain region exposed was imaged at first with an adequately low magnification. Occasionally, areas of uncertain activation were evaluated a second time, with the area centered in the optical field and by using suitable magnification. There were no technical software or hardware failures. Relevant image artifacts, including specular reflections, were controlled by the surgeon. For most patients, other unfavorable intraoperative conditions were also prevented, such as subdural bleeding, dehydration and water flushing, thermal loss, suboptimal brain exposure, or stimulation-dependent malfunctions (for example, stimulation failure, inaccurate coordination of stimulation and data recording, or inadequate silent periods). Figure 2 shows 3 representative examples of the image quality achieved during surgery. Each image acquisition required 12 minutes: 9 minutes of data acquisition and 3 minutes of data processing. The optical imaging could easily be integrated into the surgical workflow. No intraoperative or postoperative complications associated with IOI were found for any of the 41 patients.
Discussion
Intraoperative optical imaging has been used for imaging of specific functional brain areas under experimental clinical conditions. It has been used for identification of the somatosensory cortex 1,2,4,6,15,23-25,27,31 and the speech area 3, 5, 18 and for detection of epileptic foci 9 and direct cortical stimulation. 8, 10, 28 Most studies have shown the method's potential in only a few patients ( < 10). Nariai et al. 15 and Sato et al. 23 reported on stimulation of the median nerve, the first and fifth digit, or the trigeminal nerve in 11 and 14 tumor patients, respectively. Shoham and Grinvald 27 examined 15 patients by median nerve and single finger stimulation. In all 3 studies, the method's potential for monitoring cortical function in the operating room was demonstrated. However, in all studies, the cortical surface was stabilized with a transparent glass plate during the imaging procedure, which might influence the physiology of the cortex. 15 Additionally, because of the risk of damaging the cortex, the use of a glass plate might not be acceptable for routine clinical application. . 3 . Comparison of the mean activity in the exposed cortex between patients with (true positive) and without (true negative) exposed somatosensory cortex and patients with functionally impaired somatosensory cortex for the relative difference maps (left) and the spectral power maps (right). Func = functionally impaired; TN = true negative; TP = true positive.
It has been suggested that IOI could have high potential as an intraoperative functional imaging method if limitations such as fluctuation of ambient light and movement of the brain can be overcome 10, 15, 24, 27 and reliable computation of the activation maps can be achieved. 19 We describe here a substantial improvement of IOI and a new way for IOI to overcome the limitations and a way to transfer IOI from an experimental method to a routine functional imaging tool. Our IOI method comprises the following 6 features: 1) the contact-free, microscope-integrated setup Mean values and standard deviations of the activity values in the relative difference maps (A) and the spectral power maps (B), computed for the activation area and the surrounding area independently for all patients without impairment of sensory function and exposed sensory cortex (median nerve area). The area of stimulation was successfully separated from surrounding tissue in all patients. C: For evaluation of the activation results, the area of activity (green) and the surrounding exposed cortex (orange line) are defined. D and E: Comparison for all patients of the mean activity values between the area of activation and the surrounding cortex for the relative difference maps (D) and the spectral power maps (E).
uses standard equipment that improves intraoperative handling; 2) prolonged stimulation and rest periods of 30 seconds enable reduction of noise arising from movement of the cortex and glare artifacts, leading to robust maps with clearly circumscribed activated areas; 3) a new data analysis algorithm based on spectral analysis improves the signal-to-noise ratio of the computed activity maps compared with the commonly used relative difference maps; 4) movement artifacts are reduced by an elastic registration algorithm, and local differences in direction and magnitude of the movement are compensated for; 5) incident light is filtered at 568 nm (isosbestic point), which emphasizes changes in cerebral blood volume resulting in higher signal changes compared with wavelengths emphasizing oxygenation changes; and 6) tolerance for regular operating room conditions during measurements enables use of IOI on a routine basis.
With the new method, the signal-to-noise ratio of the computed activity maps has been improved, allowing reliable clinical use. Through use of prolonged stimulation and rest durations, the fluctuations of the detected light intensity resulting from the movements of the brain and fluctuations of ambient light can successfully be reduced by averaging over longer periods. With this method, the calculated area of activation might exceed the actual area of neuronal activity. In animal experiments conducted by Sheth et al., 26 the best correspondence was achieved by using only the time point at which the amplitude of the intrinsic signal response reached its maximum (about 2-3 seconds after stimulation onset). However, in our experience, robust localization of functional areas cannot be achieved in a clinical contact-free operating room setting with such short stimulus durations.
For fast presentation of the functional map to the surgeon, immediate and adequate analysis of the optical data is important. In the study reported here, we used custom software implemented in MATLAB, which facilitates rapid prototyping of analysis algorithms. Further software optimization should reduce processing time to seconds. In addition, the necessary imaging time was reduced by restricting the stimulation and rest time intervals and the number of stimulation cycles.
The method and analysis algorithm described here are unable to reveal the temporal characteristics of the intrinsic signal. For neurosurgical guidance, it is important to spatially localize functional areas. However, there are several methods for analyzing the temporal characteristics of the intrinsic signal. By use of principal component analysis, the evolution of the intrinsic signal in rodents and humans was compared, and similar time courses between the species were found. 2 Principal component analysis was also used for temporal characterization of the intrinsic signals derived from language cortices.
3 By using dynamic linear models, it was possible to reduce noise from heartbeat and respiration by preserving the intrinsic signal response to direct cortical stimulation, 12 which enabled quantification of the signal responses.
For all patients, the reflected light from the cortex was filtered at a wavelength of 568 nm (full width at half maximum = 10 nm). This wavelength range includes an isosbestic point of the absorption spectra of oxygenated and deoxygenated hemoglobin. Accordingly, the intrinsic signal is dominated by the cerebral blood volume. Most groups have used a filter in the wavelength range of 600-700 nm, at which the intrinsic signal is dominated by deoxyhemoglobin. 21 However, the amplitude of the imaged changes of the intrinsic signal was shown to be higher in the wavelength range sensitive to cerebral blood volume. 7 The resulting changes imaged with the presented IOI setup were about 0.8%, which correspond to the results reported in literature. 7, 19 In the study reported here, IOI was evaluated in 41 patients with a variety of cerebral lesions located within or adjacent to the postcentral gyrus. Intraoperative optical imaging was used to identify the central sulcus by visualization of the median nerve area of the somatosensory cortex. In 5 (12%) of 41 patients, artifacts prevented reliable evaluation of the optical imaging results. These early cases were imaged before an intraoperative evaluation was available. Accordingly, it might be assumed that if the poor image quality had been recognized during surgery, additional image acquisition under optimized conditions would have improved the results.
When the equipment described above, with intraoperative data analysis and visualization, was used for the last 22 patients, no persistent unacceptable image quality occurred. Nevertheless, knowledge of possible negative influencing factors is essential for reliable use of the IOI technique. Certain intraoperative findings, such as severe arachnoidal thickening or subarachnoidal bleeding, render imaging impossible because of low light reflection. Biological effects of the underlying pathologic lesion, including disrupted neuronal tracts or tumor-dependent impairment of autoregulation, can restrict the acquisition of activity maps as they interfere with the physiological basis of IOI.
When these technical exclusion criteria are taken into consideration, IOI is a safe and reliable technique. As can be expected from a contact-free optical image acquisition technique, no method-related complications occurred in any of the patients. For several patients, independent image acquisitions always led to reproducible activation maps that corresponded to the intraoperative electrophysiological and postoperative anatomical findings.
As shown by postoperative evaluation of the craniotomy site, the median nerve area of the somatosensory cortex had been exposed in 18 patients. In 17 of these patients, a positive IOI activation map could be generated after median nerve stimulation, meaning that the method was 94.4% sensitive. However, as can be expected, sensitivity decreased for patients with preoperative functional impairment. For all patients with positive IOI results, the activated cortex area corresponded to the intraoperative electrophysiological findings. In the 1 patient with a falsenegative result after median nerve stimulation (Case 16), a positive IOI result was generated after ulnar nerve stimulation. This discrepancy can probably be explained by a stimulation-dependent failure during median nerve stimulation.
In 8 patients, the cortex area of the median nerve was not exposed. For all of these patients, the IOI activation map was negative, resulting in a specificity of almost 100%. There were no false-positive results. However, this finding presupposes that typical artifacts (for example, from specular light reflectance at the brain surface) are recognized by the surgeon.
For 4 of 5 patients, a positive IOI result was obtained after ulnar nerve stimulation. The activated cortex area was found adjacent to the median nerve area and showed some overlap. In accordance with the cortical representation of the median and ulnar nerve area, the activation area of the ulnar nerve was always found to be slightly smaller than that of the median nerve area (data not shown). In 1 patient with a glioblastoma infiltrating the corona radiata (patient 18), no activation area was found after ulnar nerve stimulation. This corresponds to the facts that a significant functional impairment existed preoperatively and IOI activation was never found after stimulation of the median nerve.
Alternative optical imaging technologies for intraoperative brain imaging (that is, laser Doppler imaging and laser speckle imaging) are under development. 11, 17, 22 By use of a wide field laser Doppler imaging setup mounted to a neurosurgical microscope, changes in the perfusion of the cortex caused by finger tapping in an awake patient have been demonstrated. 22 In a few patients, the feasibility of imaging general brain perfusion by using laser speckle imaging was also shown. 11, 17 However, both methods need an additional laser source integrated into the surgical microscope, which increases complexity of the imaging setup and requires additional expenditure for the medical approval by regulatory boards. Instead, optical imaging can easily be performed by using a standard surgical microscope.
Conclusions
To the best of our knowledge, this is the first clinical study that developed an IOI method and data analysis method suitable for routine intraoperative functional imaging. In a large patient cohort, we evaluated the new technique for visualization of the median nerve area of the somatosensory cortex. The method was efficiently integrated into the clinical workflow of cerebral neurosurgical procedures. Intraoperative optical imaging was found to be a highly reliable method for identifying and visualizing the somatosensory cortex except when significant functional impairment was present preoperatively. Evaluating the results from the 3 camera systems achieved high sensitivity and specificity. After dural opening, IOI can provide the surgeon with robust 2D activity maps overlaid on the actual brain surface of the surgical microscope within 12 minutes and can be used at any time during tumor resection. Intraoperative optical imaging can be used as an alternative to other methods for the intraoperative identification of the sensory and motor cortex. The contact-free IOI described here is a completely safe and useful functional imaging technique that does not depend on any preoperative preparation.
On the basis of our study results, IOI might have high specificity and sensitivity for visualization of any functionally intact cortex that can be stimulated during the surgical procedure. Accordingly, as has been shown by preliminary experimental studies, it has great potential for further applications especially visualizing and monitoring specific functional brain areas such as the visual, 13 motor, 1 and speech cortex. 3, 5, 18 In cases of brain mapping under local anesthesia, it might enable visualization of the stimulated cortex area, which depends on several factors, such as microanatomy and stimulation parameters. To further validate the IOI technique, a prospective national multicenter clinical trial is currently being planned.
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